INTRODUCTION
============

Osteoarthritis (OA) is not merely an articular cartilage disease, but a disease of the whole joint involving synovium, subchondral bone and meniscus. The knee menisci are specialized tissues that play a vital role in load transmission, shock absorption and joint stability. An accumulation of recent evidence suggests that knee menisci may not be passive bystanders in the disease process of OA. The coincidence of horizontal cleavage lesions of meniscus and OA is frequent \[[@R1]\]. The prevalence of meniscal tears is 63% among patients with radiographic evidence of OA, but only 23% among patients without radiographic evidence of OA \[[@R2]\]. Several MRI (Magnetic Resonance Imaging) studies revealed that meniscal degeneration was a general feature of OA and that meniscal degenerative lesions were a potent risk factor for the development of OA \[[@R3]-[@R7]\].

Several groups recently reported that the grades of meniscal degenerative tears were correlated with the severity of cartilage lesions in OA \[[@R8]-[@R10]\]. We reported that meniscal degeneration in patients with end-stage OA were correlated with the severity of articular cartilage degeneration and that OA meniscal cells produced more calcium deposits than normal meniscal cells \[[@R11],[@R12]\]. Moreover, we found that OA meniscal cells expressed aggrecan at a significantly higher level than normal meniscal cells \[[@R12]\]. These findings suggest that the knee menisci may be actively involved in the disease process of OA.

Articular cartilage degeneration in OA has been studied extensively. It has been demonstrated that collagens in OA articular cartilage display much less organized networks and that collagen content falls in advanced OA compared to early OA \[[@R13]-[@R15]\]. Proteoglycan content also falls in OA articular cartilage. However, our review of the literatures shows that most previous examinations of OA menisci are performed using animal models of OA and that there are few prior examinations of collagen and proteoglycan changes in human OA menisci. In contrast to articular cartilage, which mainly contains type II collagen and abundance of proteoglycans, meniscus contains approximately 98% type I collagen, and less than 1% of proteoglycans. Therefore, it is likely that the biochemical changes in OA menisci and OA articular cartilage follow different patterns. We decided to perform this study to determine the collagen and proteoglycan changes in human OA menisci to have a better understanding of the disease process, which is important for the development of structure-modifying drugs that target meniscal degeneration for OA therapy.

MATERIALS AND METHODOLOGY
=========================

Materials
---------

Superfrost-Plus microscope slides and neutral buffered formalin (10%) were obtained from Allegiance Inc (McGaw Park, IL). Paraplast Plus paraffin was obtained from Thermo Shandon (Pittsburgh, PA). Safranin-O and fast green were obtained from Polysciences, Inc. (Warrington, PA). Picrosirius red, alcian blue, toluidine blue, hematoxylin and eosin were obtained from Sigma (St. Louis, MO). Antibodies specific to type I and type II collagens were obtained from Biodesign International (Kennebunk, ME). Antibody specific to aggrecan was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Biotinylated second antibody, streptavidin conjugated with horseradish peroxidase and H~2~O~2~were obtained from Biocare medical (Concord, CA).

Meniscal Specimens
------------------

Meniscal specimens were collected, with the approval of the authors' Institutional Review Board, from eight consecutive unselected OA patients who underwent total joint replacement surgery and from three osteosarcoma patients who underwent lower limb amputation surgery at our medical center. Since these tissues were surgical waste from routine joint replacement surgery and lower limb amputation surgery, and private patient information was not being collected, the need for informed consent was waived.

Histological Analyses of Collagens
----------------------------------

Medial menisci were fixed in 10% neutral buffered formalin for twenty-four hours and transferred to 70% ethyl alcohol solution. A portion 4 mm wide of specimen was transversely excised from the middle part of the meniscus (Fig. **[1](#F1){ref-type="fig"}**), embedded in Paraplast Plus paraffin and sectioned with a Leica RM2025 microtome (Nussloch, Germany) to obtain 4 μm serial transverse sections of the meniscus. Another portion 15 mm wide of specimen was again transversely excised from the middle part of the meniscus (Fig. **[1](#F1){ref-type="fig"}**). This specimen was divided at the central level horizontally into two pieces. The lower piece was embedded in paraffin and sectioned to obtain 4 μm serial horizontal sections of the meniscus.

Sections were mounted on slides and stained with picrosirius red. The results were graded on a scale of 0 to 2 by two independent observers in a blinded manner, where 0 = weak red staining, 1 = moderate red staining, and 2 = strong red staining. Additional sections were examined with hematoxylin and eosin staining (H&E).

Histological Analyses of Proteoglycans
--------------------------------------

Sections were stained with safranin-O and fast green. The results were graded on a scale of 0 to 5 by two independent observers in a blinded manner, where 0 = minimal orange-red staining, 1 = very weak orange-red staining, 2 = weak orange-red staining, 3 = moderate orange-red staining, 4 = strong orange-red staining, and 5 = very strong orange-red staining.

Additional sections were examined with alcian blue staining. Results were also graded on a scale of 0 to 5, where 0 = minimal blue staining, 1 = very weak blue staining, 2 = weak blue staining, 3 = moderate blue staining, 4 = strong blue staining, and 5 = very strong blue staining. Additional sections were also examined with toluidine blue staining.

Immunolocalization of Type I Collagen, type II Collagen and Aggrecan
--------------------------------------------------------------------

Paraffin sections were treated with 3% H~2~O~2~. The sections were incubated with primary antibody (Final concentration of the antibodies was 2 µg/ml) specific to type I collagen, type II collagen and aggrecan respectively for 1 hour, and then incubated with a biotinylated second antibody followed with streptavidin conjugated with horseradish peroxidase for 1 hour. Control was performed using mouse serum to replace the primary antibody. Slides were rinsed in phosphate buffered saline three times and visualized using peroxidase substrate diaminobenzidine tetrahydrochloride and 0.02% H~2~O~2~. Slides were counterstained with light green, dehydrated, cleared and mounted with resinous mounting media.

The immunolocalization of type I collagen in the surface zone and the deep zone of the inner portion of the meniscus was graded by two independent observers in a blinded manner using two different scales. Specifically, the immunolocalization of type I collagen in the surface zone of the menisci was graded on a scale of 0-2, where 0 = moderate staining; 1 = strong staining; and 2 = very strong staining. The immunolocalization of type I collagen in the deep zone of the menisci was graded on a scale of 0-3, where 0 = weak staining; 1 = moderate staining; 2 = strong staining; and 3 = very strong staining.

The immunolocalization of type II collagen in the surface and deep zones of inner portion of the menisci was graded by two independent observers in a blinded manner on a scale of 0-4, where 0 = very weak staining; 1 = weak staining; 2 = moderate staining; 3 = strong staining, and 4 = very strong staining. The immunolocalization of aggrecan was graded on a scale of 0-4, where 0 = minimal staining; 1 = weak staining; 2 = moderate staining, 3 = wide-spread moderate staining, and 4 = strong staining.

Statistical Analyses
--------------------

The difference of the grades between OA group versus control group was analyzed using the Wilcoxon rank-sum test. In all cases, two-tailed *P* \<0.05 was considered significant. Statistical analysis was performed using the SAS^®^ software, version 9.2 (SAS Institute Inc, Cary, NC).

RESULTS
=======

Picrosirius Red Staining
------------------------

Representative images of picrosirius red staining are shown in Fig. (**[2](#F2){ref-type="fig"}**). Normal menisci had strong picrosirius red staining (top photos). In contrast, OA menisci had moderate or weak picrosirius red staining (bottom photos). These results indicated higher collagen content in the normal menisci, and lower collagen content in the OA menisci. The loss of collagen content in OA meniscus occurred across the entire meniscus, indicating the loss of collagens occurred not only in the surface zone of OA meniscus, but also inside OA meniscus (Fig. **[2](#F2){ref-type="fig"}**). The grades of picrosirius red staining, along with the demographic patient information, are listed in Table **[1](#T1){ref-type="table"}**. The difference between the intensity of picrosirius red staining in OA and normal menisci is statistically significant (P = 0.011).

Collagens networks in OA menisci appeared less orderly compared to collagens networks in normal menisci (Fig. **[2](#F2){ref-type="fig"}**). Normal control menisci showed well-organized, parallel-arranged and compact collagen bundles. In contract, OA menisci showed less organized and less compact collagen networks. To further examine this phenomenon, we performed H&E staining. Similarly, H&E staining showed that normal control meniscus had well-organized, parallel-arranged and compact collagen bundles with meniscal cells lining up between the collagen bundles (Fig. **[3](#F3){ref-type="fig"}**, top photos); whereas that OA meniscus had less organized and less compact collagen networks. In some areas, meniscal cells were lined up between the collagen bundles, but in many other areas, meniscal cells were randomly distributed within OA meniscus (Fig. **[3](#F3){ref-type="fig"}**, bottom photos).

Immunolocalization of Type I and Type II Collagens
--------------------------------------------------

Representative images of immunolocalization of type I collagen in the inner portion of normal and OA menisci are shown in Fig. (**[4](#F4){ref-type="fig"}**). The results indicated that the surface zone (black arrow) of normal meniscus had the highest type I collagen content, and that the type I collagen content was decreased gradually from the surface zone (black arrow) to the middle zone (green arrow) and deep zone (red arrow) (Fig. **[4](#F4){ref-type="fig"}**, top photos).

When compared to normal meniscus, OA meniscus had decreased type I collagen staining throughout the entire meniscus, particularly in the middle zone (green arrow) and deep zone (red arrow), indicating greater severity of type I collagen loss in the middle and deep zones than that in the surface zones (Fig. **[4](#F4){ref-type="fig"}**, bottom photos). The grades of immunolocalization of type I collagen, along with the demographic patient information, are listed in Table **[2](#T2){ref-type="table"}**. The decrease of type I collagen staining in OA menisci compared to normal control menisci is statistically significant (P = 0.021).

Representative images of immunolocalization of type II collagen in the inner portion of normal and OA meniscus are shown in Fig. (**[5](#F5){ref-type="fig"}**). The results indicated that the surface zone (black arrow) of normal meniscus had the highest type II collagen content, and that the type II collagen content was decreased gradually from the surface zone (black arrow) to the middle zone (green arrow) and the deep zone (red arrow) (Fig. **[5](#F5){ref-type="fig"}**, top photos). Similar to type I collagen, type II collagen content was decreased in OA meniscus compared to normal meniscus (Fig. **[5](#F5){ref-type="fig"}**, bottom photos). However, different from type I collagen, the decrease of type II collagen content was prominent across all the three zones. The grades of the immunolocalization of type II collagen, along with the demographic patient information, are listed in Table **[2](#T2){ref-type="table"}**.

Safranin-O and Alcian Blue Staining
-----------------------------------

Representative images of safranin-O staining are shown in Fig. (**[6](#F6){ref-type="fig"}**). The safranin-O staining in OA meniscus was significantly stronger than that in normal menisci (Fig. **[6A](#F6){ref-type="fig"}**). The increase of safranin-O staining was more prominent in the deep zone (red arrow) than that in the surface zone (black arrow) (Fig. **[6B](#F6){ref-type="fig"}**). The grades are listed in Table **[3](#T3){ref-type="table"}**.

Representative images of alcian blue staining are shown in Fig. (**[7](#F7){ref-type="fig"}**) and the grades of alcian blue staining are listed in Table **[3](#T3){ref-type="table"}**. Consistent with safranin-O staining, alcian blue staining was significantly stronger in the OA menisci compared to the normal menisci (Fig. **[7A](#F7){ref-type="fig"}**). This increased staining was seen throughout the OA meniscus and appeared more prominent in the deep zone (red arrow) than that in the surface zone (black arrow) (Fig. **[7B](#F7){ref-type="fig"}**). We also performed toluidine blue staining. The results are consistent with that of safranin-O staining and alcian blue staining (Data not shown).

Immunolocalization of Aggrecan
------------------------------

In previous study, we found that the expression of aggrecan was higher in OA meniscal cell when compared to normal meniscal cells \[[@R12]\]. To further investigate this finding, we examined aggrecan content in the OA and normal menisci. Aggrecan content was much higher in OA menisci when compared to normal menisci (Fig. **[8](#F8){ref-type="fig"}**). The increase of aggrecan staining appeared more prominent in the deep zone than in the surface zone of OA menisci (not shown), indicating active aggrecan synthesis and turn-over inside the OA menisci (Fig. **[8](#F8){ref-type="fig"}**). The grades of the immunolocalization of aggrecan along with the demographic patient information are listed in Table **[4](#T4){ref-type="table"}**.

DISCUSSION
==========

Our study demonstrate that the surface zone of normal menisci has the highest type I and type II collagen contents, and that the deep zone has the lowest, suggesting that in normal menisci the surface zone has the highest tensile strength. Our findings also demonstrate that type I collagen co-localizes with type II collagen in meniscus, which is consistent with a previous report \[[@R16]\].

It is the first time as we know that collagen content is found to decrease not only in the surface zone but also inside the OA menisci. The decrease of type II collagen content in the surface zone is severe. This decrease is likely due to a combination of similar mechanical factors and type-II collagen-degrading factors within the synovial fluid that cause type II collagen degeneration in the surface zone of OA articular cartilage. Interestingly, the decrease of type II collagen content in the middle and deep zones of OA meniscus is also prominent. It suggests that type-II collagen-degrading enzymes are also activated inside the OA menisci. The decrease of type I collagen content in all three zones is severe; however, it appeared much more severe in the middle and deep zones than in the surface zone. The distinctive spatial distributions of type I and type II collagen content in OA meniscus compared to normal meniscus suggest that type I collagen-degrading enzymatic activity is much higher in the middle and deep zones than in the surface zone. It also suggests that type II collagen-degrading enzymatic activity is higher across all three zones of OA meniscus compared to the normal meniscus.

Safranin-O staining indicated that proteoglycan content increased in OA menisci when compared to normal menisci. Initially, we were surprised by this finding because proteoglycan content decreased in human OA articular cartilage \[[@R13]-[@R15]\]. Findings from study of proteoglycan contents using animal OA models were inconsistent. For example, Videman *et al.,*reported that proteoglycan content increased in menisci after induction of OA with limb immobilization in rabbit \[[@R17]\]. Djurasovic *et al.,*reported that proteoglycan content decreased in menisci after induction of OA with limb immobilization in mature beagles \[[@R18]\]. Adams *et al.,*reported that proteoglycan content decreased in menisci during the first three months but increased gradually during the following months after induction of OA with anterior cruciate ligament transection in beagles \[[@R19]\].

Peters and Smillie reported that in patients with meniscal lesions proteoglycan content increased in sections of menisci with degenerative tears \[[@R20]\]. Herwig *et al.,*reported that in patients with meniscal lesions proteoglycan content (µg/mg dry weight) in menisci increased in relation to the severity of meniscal degeneration \[[@R21]\]. In studies of human meniscal specimens derived from patients with OA, Ghosh *et al.,*found that the proteoglycan content in the degenerative areas of OA menisci, but not in the degenerative areas of rheumatoid arthritis menisci, was increased when compared to normal control menisci \[[@R22]\]. Our findings reported in this study are clearly consistent with these early studies of human meniscal specimens.

Taken together, our findings indicate that meniscal degeneration and cartilage degeneration in OA follow different pathways. In OA cartilage both severe collagen loss and proteoglycan loss occur, indicating that both collagen-degrading enzymes and proteoglycan-degrading enzymes are actively involved in the degenerative process. In contrast, in OA menisci severe collagen but not proteoglycan loss occurs, indicating that collagen-degrading enzymes are much more actively involved in the degenerative process than proteoglycan-degrading enzymes. The development of structure-modifying drugs that targets meniscal degeneration for OA therapy, therefore, should focus on molecules that inhibit collagen-degrading enzymes. Our findings also indicate that meniscal degeneration in OA may be much more severe than we originally thought because early microscopic studies of OA menisci can not detect intrameniscal degeneration. In addition, it indicates that OA may start inside the meniscus as suggested by a number of MRI studies, which demonstrate that intrameniscal degeneration is a common feature in OA patients \[[@R23]-[@R26]\].

CONCLUSION
==========

In summary, severe loss of collagens and intrameniscal degeneration are hallmarks of OA menisci and that extracellular matrix degeneration occurred in OA menisci may follow a pathway different from that in OA articular cartilage. These findings are not only important for a better understanding of the disease process but also important for the development of novel structure-modifying drugs for OA therapy.
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![Harvest sites of medial meniscal specimens. Long line arrows indicate the sites of meniscal specimens harvested for examinations. Short solid arrow indicates the outer portion, short line arrow indicates the inner portion, and short open arrow indicates the central portion of the meniscus.](TORJ-6-24_F1){#F1}

![Picrosirius red staining. Normal menisci (horizontal sections of the central portion of menisci) had strong picrosirius red staining (top photos). In contrast, OA menisci (horizontal sections of the central portion of menisci) had moderate and weak picrosirius red staining mixed with blue counter staining (bottom photos). Note that the decrease of collagen staining occurred inside the OA menisci. Scale bar: 200 µm. (Inserts show age in years for male (M) and female (F) subjects in Figs. **[2](#F2){ref-type="fig"}**-**[8](#F8){ref-type="fig"}**).](TORJ-6-24_F2){#F2}

![H&E staining. Normal menisci (horizontal sections of the central portion of menisci) displayed well organized and compact collagen bundles with meniscal cells lining up between the bundles. In contrast, OA menisci (horizontal sections of the central portion of menisci) displayed less well-organized and less compact collagen networks. In some areas, the meniscal cells were randomly distributed. Scale bar: 200 µm.](TORJ-6-24_F3){#F3}

![Immunolocalization of type I collagen. Normal menisci (transverse sections of the inner portion of menisci) showed strong immunolocalization of type I collagen (top photos). Type I collagen staining in the surface zone (black arrow) of normal menisci was greater than that in the middle zone (green arrow) and deep zone (red arrow). Type I collagen staining was decreased in OA menisci compared to normal menisci (compare the bottom photos to the top photos). The reduction of type I collagen staining was much more prominent in the deep zone (the red arrow) than that in the surface zone (the black arrow). Scale bar: 250 µm.](TORJ-6-24_F4){#F4}

![Immunolocalization of type II collagen. Normal menisci (transverse sections of the inner portion of menisci) showed strong immunolocalization of type II collagen (top photos). Type II collagen staining in the surface zone (black arrow) of normal menisci was greater than that in the middle zone (green arrow) and deep zone (red arrow). Type II collagen staining was decreased in OA menisci compared to normal menisci (compare the bottom photos to the top photos). The reduction of type II collagen staining was prominent in all the three zones. Scale bar: 250 µm.](TORJ-6-24_F5){#F5}

![Representative images of safranin-O staining. (**A**) Normal menisci (horizontal sections of the central portion of menisci) displayed minimal or weak orange-red staining (top photos). In contrast, OA menisci (horizontal sections of the central portion of menisci) displayed moderate to very strong orange-red staining (bottom photos). Scale bar: 200 µm. (**B**) Normal menisci (transverse sections of the entire meniscus) displayed minimal orange-red staining. OA menisci (transverse sections of the entire meniscus) displayed moderate to strong orange-red staining. The increase of proteoglycan staining in OA menisci compared to normal menisci was more prominent in the middle and deep zones than that in the surface zone. Scale bar: 2.5 mm.](TORJ-6-24_F6){#F6}

![Representative images of alcian blue staining. (**A**) Normal menisci (horizontal sections of the central portion of menisci) displayed minimal or very weak blue staining (top photos). In contrast, OA menisci (horizontal sections of the central portion of menisci) displayed moderate to strong blue staining (bottom photos). Scale bar: 200 µm. (**B**) Normal menisci (transverse sections of the entire meniscus) displayed minimal blue staining. OA menisci (transverse sections of the entire meniscus) displayed moderate to strong blue staining. The increase of proteoglycan staining in OA menisci compared to normal menisci was more prominent in the middle and deep zones than that in the surface zone. Scale bar: 2.5 mm.](TORJ-6-24_F7){#F7}

![Immunolocalization of aggrecan. Normal menisci (horizontal sections of the central portion of menisci) showed minimal or weak immunolocalization of aggrecan (top photos). In contrast, OA menisci (horizontal sections of the central portion of menisci) showed moderate to strong immunolocalization of aggrecan (bottom photos). Scale bar: 200 µm.](TORJ-6-24_F8){#F8}

###### 

Grades of Picrosirius Red Staining

             Normal 12F   Normal 39F   Normal 43M   OA 42M   OA 49F   OA 54F   OA 55M   OA 58F   OA 65F   OA 66F   OA 70F
  ---------- ------------ ------------ ------------ -------- -------- -------- -------- -------- -------- -------- --------
  Grade~T~   2            2            2            0        0        1        0        0        0        2        1
  Grade~H~   2            2            2            0        0        0        0        1        0        1        1

Grade~T~ -- Transverse section grade; Grade~L~ -- Horizontal section grade; Ages are listed in years; M = male, F = female. The difference of the staining grades between OA group and normal control group was statistically significant (p = 0.011).

###### 

Grades of Type I Collagen and Type II Collagen Immunolocalization

                         Normal 43M   Normal 39F   Normal 12F   OA 42M   OA 49F   OA 54F   OA 55M   OA 58F   OA 65F   OA 66F   OA 70F
  ---------------------- ------------ ------------ ------------ -------- -------- -------- -------- -------- -------- -------- --------
  **Type I Collagen**                                                                                                          
  Grade~S~               3            2            1            1        1        1        1        2        1        1        1
  Grade~I~               3            2            1            0        0        0        1        0        0        0        1
  **Type II Collagen**                                                                                                         
  Grade~S~               4            3            2            0        1        0        2        3        1        2        2
  Grade~I~               4            3            2            0        0        0        1        1        0        0        1

Grade~S~ -- grade of type I collagen in the surface zone; Grade~I~ -- grade of type I collagen in the deep zone; Ages are listed in years; M = male, F = female. The difference of immunolocalization of type I collagen grades between the OA group and the normal control group was statistically significant (p = 0.021). The difference of immunostaining of type II collagen grades between the OA group and the normal control group was statistically significant (p = 0.018).

###### 

Grades of Safranin-O and Alcian Blue Staining

                    Normal 12F   Normal 39F   Normal 43M   OA 42M   OA 49F   OA 54F   OA 55M   OA 58F   OA 65F   OA 66F   OA 70F
  ----------------- ------------ ------------ ------------ -------- -------- -------- -------- -------- -------- -------- --------
  **Safranin-O**                                                                                                          
  Grade~T~          0            2            0            3        3        5        4        2        5        4        3
  Grade~H~          2            2            0            3        3        5        4        3        5        5        4
  **Alcian Blue**                                                                                                         
  Grade~T~          0            1            0            3        4        4        3        3        5        4        4
  Grade~H~          1            2            0            3        3        5        4        3        5        4        5

Grade~T~ -- Transverse section grade; Grade~H~ -- Horizontal section grade; Ages are listed in years; M = male, F = female. The difference of safranin-O staining grades between OA group and normal control group was statistically significant (p = 0.018). The difference of alcian blue staining grades between OA group and normal control group was statistically significant (p = 0.014).

###### 

Grades of Aggrecan Immunolocalization

             Normal 12F   Normal 39F   Normal 43M   OA 42M   OA 49F   OA 54F   OA 55M   OA 58F   OA 65F   OA 66F   OA 70F
  ---------- ------------ ------------ ------------ -------- -------- -------- -------- -------- -------- -------- --------
  Grade~T~   0            1            1            2        3        2        1        2        3        2        3
  Grade~H~   0            0            1            2        3        3        3        4        4        2        2

Grade~T~ -- Transverse section grade; Grade~H~ -- Horizontal section grade; Ages are listed in years; M = male, F = female. The difference of the grades between OA group and normal control group was statistically significant (p = 0.013).
